This paper presents the detection of delamination in composite plates using the Damage Force Indicator (DFI) method. The global dynamic stiffness matrix of the healthy structure is obtained from Wavelet Spectral Finite Element (WSFE) model condensed to the degrees of freedom consistent with experimental measurements (out-of-plane displacements). The displacement vector for the damaged structure is measured using a scanning laser vibrometer. It is shown that the DFI method gives correct identification of damage.
Introduction
The use of composite materials has many benefits for engineering structures; however, the damage mechanisms of composites are very different from those of metals. One particular damage mechanism, namely delamination, can be initiated by loading, impact, or manufacturing defects. The delamination lengths can reach critical value before visual inspection. Lamb waves (fundamental symmetric and asymmetric modes) have shown particular promise for damage diagnosis of composite structures. The fundamental idea behind Lamb wave propagation based diagnostics is that different types of damages interact differently with waves. Therefore, based on the measured time history of the propagated wave, the traveling time, speed reduction, and wave attenuation parameters are extracted and used as the damage identification variables. We use the Damage Force Indicator (DFI) method which is suitable for on-board diagnostics and provides quantitative information regarding location and severity of damages. The concept of damage force has been used by Schulz et al. (1998) to derive a damage indicator. This method was later extended to work under spectral element environment by Gopalakrishnan and his group for delamination detection in composites (Nag et al., 2002) and for fiber breakages (Kumar et al., 2006) using the spectral finite element damaged models. This paper reports the detection of delamination in composite plates by combining the DFI method with wavelet based spectral finite element (WSFE) and experimental measurements. system size and enormous computational cost. In addition, solving inverse problems (as required for diagnostics) is very difficult using FEM. Spectral finite element (SFE), which follows FE modeling procedure in the transformed frequency domain, is highly suitable for wave propagation analysis (Gopalakrishnan et al., 2007) . SFE models are many orders smaller than the conventional finite element models making SFE method an ideal candidate for on-board diagnostics. The frequency domain formulation of SFE enables direct relationship between output and input through system transfer function (or FRF). The use of SFE for detecting transverse damage is reported in Gopalakrishnan and Jha (2010) .
The 2-D Wavelet based SFE (WSFE) presented by Gopalakrishnan and Mitra (2006 , 2008 overcomes the "wrap around" problem and can accurately model 2-D plate structures of finite dimensions. This is due to the use of localized Daubechies scaling functions as basis for approximation of the spatial dimension. Wave propagation analysis in composite plates using wavelet spectral element approach is formulated in Gopalakrishnan and Mitra (2006 , 2008 . Presence of elastic coupling in anisotropic materials results in coupled governing differential equations. Thus, the final reduced ODEs after spatial and temporal approximations are in the form of a set of coupled ODEs, for each temporal and spatial sampling point. The solution of these ODEs to derive the exact shape function involves determination of wave numbers and the amplitude ratio matrix. Unlike isotropic cases, the process of solution for composite materials is more complicated and is done by posing it as polynomial eigenvalue problem (PEP). The computational efficiency and accuracy of WSFE is illustrated in Fig. 1 wherein only one WSFE is used to model the structure whereas a very refined mesh with 6432 four-nodes plane stress quadrilateral elements is used for conventional 2-D FE. 
Damage Force Indicator (DFI) Method
The basic idea in the DFI method is that, using the dynamic stiffness of healthy structure and the measured damage response, the force necessary to create damage called the 'damage force ' can be computed. These damage forces are then normalized and plotted at all sensor locations. The damage force indicator peaks only at those locations which are adjacent to the damage, which clearly helps to locate the damage. Some of the major advantage of the DFI method are that it does not need any baseline measurement, knowledge of input is not necessary and it is computationally very fast, making it an ideal tool for on-line health monitoring. The dynamic stiffness matrix of the baseline structure along with the nodal displacements of the damaged structure is required to find damaged elements. This technique bounds damage location within the region of sensing points. When the finite element system is constructed entirely in frequency domain under the framework of WSFE, the advantage is that reduced number of sensors would be sufficient, since the number of measurements complying with WSFE degrees of freedom is many orders smaller than that required while using conventional FEM. The only limiting factor while using reduced number of sensors is that the measured signal must be reliable enough to differentiate the effect of wave scattering in the presence of small damage along with the effect of damping. For polymer composite, this is an important issue and needs to be investigated because a sensor placed too far from the damage location may not be able to capture the measurable fluctuation when damage is present.
In the DFI method, the global dynamic stiffness matrix of the healthy structureˆ( )
FFT sampling frequency n  is obtained using standard finite element assembly for all the spectral elements. Spectral amplitude of global displacement vector for the damaged plate structure consists of axial displacements and , transverse displacement and rotation at each node. Now, the damage force vector is defined as (Kumar et al., 2006) 
where is the spectral amplitude of force vector for the damaged structure. If damage occurs, the vector will have nonzero entries only at the DOFs connected to the damaged elements.
The above expression requires the excitation force or internal forces at the nodes to be known. Direct measurement of this requires force sensors and may not be always feasible.
The DFI method proposed by Schulz et al. (1998) overcomes this limitation by computing the damage force directly as . In our approach, the same expression is used assuming the vector as unknown. However, in WSEM, an inverse problem can be solved to obtain from other types of signal measurements such as displacements, strains, or their rates. For this purpose, a combined force vector r
Multiplying rˆ by transpose of its complex conjugate 
Experimental Investigations
The experimental setup ( Figure 2 ) and results for Lamb wave measurements are discussed in Jha et al. (2010) . The composite plate used in this study was fabricated from AS4/3501-6 carbonepoxy pre-preg using vacuum bagging and oven curing technique. The plate has dimensions of 254 x 127 x 1.25 mm (10 x 5 x 0.05 in) and consists of 8 cross-ply [0/90] 2s . Hi-temp mold release wax from PARTALL was applied between 4 th and 5 th layers to make the delaminated plate. A piezoelectric (PZT) actuator (diameter 13.5 mm and thickness 0.22 mm) was affixed onto the composite plate using epoxy. A National Instruments PXI 6339 and a BNC-2110 board were used to generate signals and a QuickPack® power amplifier was used to amplify the actuation signal. Tone burst actuates at 15 kHz with 3.5 cycles to generate A 0 Lamb waves. A Scanning Laser Doppler Vibrometer (SLV) was employed to acquire the signals at designated locations. Based on Lamb wave dispersion curve, phase velocities calculations indicate that the signals are Lamb wave A0 mode. Only delamination type damage is considered here and a schematic of delamination and sensor locations can be found in Figure 3 . Out of plane velocity is measured at every sensor location which is equally spaced. Sensor locations are designated S7 (closest to actuator) to S1. The through width delamination between 4 th and 5 th ply has 10 mm width. The plate is fixed on left side as shown in Figure 3(a) . The actuation signal is 15 KHz 3.5 cycle tone burst as shown in Figure 3 In order to compute DFI it is necessary to transform the measured velocities and scale them by 1/ n  to get the displacements. To address the issue of not measuring all the degrees of freedoms, the stiffness matrix is reduced by deleting rows and columns corresponds to all the dofs that are not measured. Finally, for the computation of damage indicator in this work, a modification is done to the equation (2) by removing the force vector and rewriting as,
To compensate for the effect of the input forces on the responses, the DFIs are rescaled as
where the subscript indicates the sensor location nearest to the excitation point, which in this case is S7. Figure 6 shows the DFI computed for the composite plate using experimental data for both healthy and delamination cases. Here the dominant peak is located at degree of freedom 15 which belongs to the sensor point S4 located right after the delamination. So this clearly shows the damage location by giving a large value to DFI at the location of delamination. However there are a few small values of damage forces at other locations which should theoretically be zero. It is concluded that the differences in boundary conditions in numerical and experimental procedures contribute to these small values of DFI. Future work will involve different delamination sizes and locations to further establish the reliability of damage prediction using this method.
Conclusions
In this paper, we have presented identification of delamination in a composite plate by Damage Force Indicator (DFI) method. The method involved WSFE modeling of the healthy composite plate to obtain its dynamic stiffness matrix. It was shown that the responses of the healthy plate from experimental data and WSFE calculations match very well. The DFI method gave clear indication of damage at its correct location. Different delamination sizes and locations will be investigated in future.
